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ABSTRACT 

Closed-loop geothermal energy recovery technology is one of the promising methods to produce the heat energy from thermal reservoirs. 

This technology is independent of geothermal reservoir permeability, greatly reducing the exploration risk, and there exist no associated 

environmental and scaling issues that are usually accompanying the production of geothermal fluids to surface. A key limitation in this 

technology though is that the heat in a closed-loop system can only be produced from reservoir by heat conduction across the wellbore. 

The overall thermal conductivity is normally considered constant as the fluids in the reservoir are assumed static during the temperature 
change. However, there will happen some locally induced convective flow in the near wellbore region due to fluids density change caused 

by surrounding temperature reduction. This kind of induced heat convection will enhance the heat transfer process in the near wellbore 

region and eventually improve the heat production performance of a closed-loop system. This study builds two dimensional and three 

dimensional models to demonstrate that the induced convective flow will enhance the overall thermal conductivity in fractured or highly  

permeable thermal reservoirs. The results show that a significant convect ive flow induced velocity improvement can be observed in the 
region near the horizontal wellbore, with the spherically shaped convective flow likely spreading outskirts, mainly in the vertical 

downward lower region, for the cases with higher permeability. The naturally induced convective flow velocity has a significant increase 

for the permeability range of 1.0 D ~ 10.0 D. Note that this result also suggests that only heavily fractured thermal reservoir becomes 

sufficiently supportive to take the advantage of density-driven convective flow. 

1. INTRODUCTION AND RELATED LITERATURE REVIEW 

Geothermal resource is proved to be a clean, renewable and reliable energy deriving from the heat dynamically stored in Earth’s 

subsurface. While geothermal hot springs and associated by-products such as mineral have been used since antiquity, only in the early 

20th century did people start to consider the natural heat from inside the Earth as a particular source of energy where elect ricity was first 

generated at Larderello, Italy (World Energy Council, 2013). Geothermal energy has now been utilized to produce electric power, building 
heat, and other commercial purposes such as grain drying, paper processing, greenhouse and soil warming (International Geothermal 

Association, 2021). Canada has numerous potential geothermal resources, it is estimated that Canada’s in-place geothermal power exceeds  

one million times Canada’s current electrical consumption (Grasby et al., 2011), however, no geothermal electrical production has been 

successfully implemented in Canada so far. 

A practical technology called closed-loop system or geothermal heat exchanger is widely applied in heat extraction for building heating 
and some projects aims at power generation (Fig. 1) (Eavor, 2022). It circulates water or supercritical CO2 (GreenFire, 2022) in a closed 

system to extract heat out of the ground. Because there is no fluid communication hydraulically, it has less footprint on environment and 

less operational cost. However, the heat extraction efficiency by this technology is frequently questioned because heat could only be 

transferred to pipes by heat conduction mechanism. The formation thermal diffusivity, associated with thermal conductivity, p lays a 

crucial role for the successful application of this technology. 
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Figure 1: Eavor-Loop demonstration project illustration (Eavor, 2022). 

The evaluation of formation thermal conductivity is one of the most important works in the feasibility study of closed-loop geothermal 

energy production project (Dalla Santa et al., 2020). If the mean thermal conductivity cannot be accurately predicted, even the most  

sophisticated and appropriate modeling techniques for analyzing thermal histories and organic maturation levels may fail when applied to 

real basins (Blackwell and Steele, 1989). Currently, the techniques of thermal conductivity measurement are mainly based on t wo 

categories, Laboratory Techniques and In Situ Techniques. 

Laboratory Techniques. Most values of thermal conductivity for rocks come from measurements made on samples in the laboratory. 

Typical measurement techniques include the needle-probe transient measurement suitable for use on very soft materials and cuttings (Fig. 

2a), and the divided-bar steady-state measurements suitable for use on consolidated core and some cuttings samples (Fig. 2b). The needle-

probe technique generally is to insert a long needle into the rock or soil installed with a heater wire and a thermal sensor. When the heater 

is turned on, a temperature history is recorded from which the thermal conductivity can be captured. For divided-bar methods, an axial 
heat flux is applied to a saturated sample and the associated temperature drop is imposed across the thickness of the sample.  The 

temperature drop is then further compared to standard materials, such as quartz and silica glass, so a relative thermal conductivity can be 

obtained.  

In Situ Techniques. There are direct measurements and indirect measurements to obtain In Situ thermal conductivity values. The main 

philosophy is to insert a tool into a hole and measure the transient heat transfer performance based on the dynamic temperature change. 
A number of different types of indirect methods have been proposed. These include correlation of various well-log parameters with 

thermal conductivity, correlation of reflection two-way travel times with thermal resistance, and calculation of thermal conductivity from 

temperature-gradient logs. These indirect methods are largely applied in geothermal exploration phase. 

 

Figure 2: Illustration of a) needle-probe transient measurement; b) divided-bar steady-state measurement (PERM Inc., 2021). 

During the practical heat production process, the density of reservoir fluids near wellbore will be changed due to the local temperature 
decreasing. The induced density-driven natural convectional flow process will occur, and this regional heat convection near wellbore can 

increase the overall heat transfer efficiency. As a result, an effective thermal conductivity, or pseudo-thermal conductivity, could be higher 

than the value estimated from labs or correlations. Over the years, density -driven free convection phenomena have been analyzed by 

numerical, laboratory, and field experiments on groundwater studies including seawater intrusion in coastal aquifers, leachate infiltration 

from waste disposal, salt lakes and saline disposal basins, with interaction between groundwater and surface water (Frind, 1982; Huyakorn 
et al., 1987; Kooi et al., 2000; Micheael et al., 2016; Schincariol and Schwartz, 1990; Shincariol et al., 1994; Simmons and Narayan, 

1997; Stevens et al., 2009; Van Dam et al., 2009). Reservoir heterogeneity with different permeability inclusion was proved t o have an 

impact on free convection in porous medium (Yan et al., 2019). Taking heat transfer into consideration, salinization in a stratified aquifer 

induced by heat transfer from well casings has been evaluated for gas, oil and geothermal energy production activities (van Lopik et al.,  

2015). In geothermal energy production process of closed-loop system, better heat production performance is possible where thermal and 

(b)(a)
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hydraulic conductivities are higher (Rees et al., 2004; Oldenburg et al., 2016). Permeability larger than 1 mD or even reaching to 100 D 

will significantly improve the heat recovery efficiency by the closed-loop system (Oldenburg et al., 2016; Beckers et al., 2022). 

The Geological Survey of Canada (GSC) is conducting multiple research projects aiming at comprehensive geothermal resources 

assessment, advanced geothermal energy production technologies, and geothermal energy co-production with the Carbon Capture, 

Utilization and Storage (CCUS) activities. The closed-loop geothermal energy production technology has been demonstrated in Alberta, 

Canada and has good potential to be applied in western Canada. This study focuses on analytical and numerical studies of the impact of 
induced convective flow on overall reservoir thermal conductivity when water flow through a sealed horizontal production tube in a 

fractured igneous basement reservoir. This work firstly discussed the theoretical study and physics consideration on this problem. A 

simplified analytical model has been proposed to preliminarily evaluate the impact of steady convective heat transfer on pseudo-thermal 

conductivity estimation. Two different numerical methods, finite difference method (FDM) and finite element met hod (FEM), have been 

applied to study the same process. All simulation studies show a significant enhancement on pseudo-thermal conductivity by induced 

convective heat transfer in a highly permeable porous media setting. 

2. THEORETICAL STUDY AND CONSIDERATIONS 

The induced density-driven heat convection contains multiple physical processes. The cold working fluid flows within a sealed horizontal 

pipe completed in a high temperature formation with good thermal conductivity. The heat is transferred through the wellbore wall to the 

working fluid flowing inside wellbore, and then the heated fluid is produced out through vertical wellbore. Due to the large fluid velocity 
inside the pipe, heat convection process dominates the heat transfer performance along the fluid flow direction. Previous researches usually 

assume pure heat conduction mechanism outside the pipe, where the heat is transferred from higher temperature reservoir bulk body to 

lower ones, with no fluid flow inside the formation considered, thus leading to a pure conductive heat process without any convective 

flow involved. However, in reality the fluid in the reservoir nearby wellbore will actually experience heat loss to the pipe,  causing its 

density to increase and certain degree of thermal phase shrinking will happen too.  Fig. 3 illustrates that a fluid element nearby the pipe 
is losing its heat, and then its temperature decreases with an associated density increase and volume shrinkage. Therefore, a corresponding 

fluid flow will happen based on these mechanisms. 

 

Figure 3: Illustration of a fluid element losing the heat and having a volume shrink. 

Due to the physics of heat transfer diffusivity, this kind of induced density -driven convection flow will only occur in the near-wellbore 
region. The fluid near the pipe will firstly lose its heat to wellbore and gain certain amount of density increase and volume shrinkage. 

Higher fluid density will result in its own downward flow. The left volume and shrined volume will be occupied by higher temp erature 

fluids coming mainly from upward fluid. The fluid with slightly light density in the lower position will then moving upward from sideways. 

The total process will form a natural density -driven convection flow region near the heat production pipe, which will enhance the 
efficiency of heat transfer to closed-loop system (Fig. 4). Except applicable to hot dry rock, sedimentary basins usually have good 

permeability and porosity, as well as natural fractures or induced fractures near the wellbore. All these features will enhance the induced 

density-driven flow near a closed-loop system within the reservoir. It is conceivable that this kind of induced density -driven convection 

flow will be more important for a long term geothermal well production practice, especially for geothermal reservoirs with larger thickness, 

higher permeability and increasing temperature difference to encourage convective fluid flow vertically. 

 

Figure 4: Illustration of the induced density-driven natural convection near the sealed pipe. 
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3. ANALYTICAL SOLUTIONS ON THEORETICALLY SIMPLIFIED CASE 

In order to support the understanding and evaluation of the contribution of the induced convective flow in geothermal production process, 

this study built a simplified physical model with a novel mathematical model and applied analytical method to investigate this process. A 

typical near pipe region has been chosen to study the heat transfer process (Fig. 5). The heat is transferred to pipe by conduction at and 

through the wall of the pipe. There assumes a continuous fluid flow from upward region to downward region. Heat conduction and 

convection both affect the overall heat transfer performance simultaneously. This theoretical model can be regarded as a combined model 

that integrates one dimensional heat conduction and convection processes systematically. 

 

Figure 5: Illustration of the simplified model using in analytical modeling method. 

3.1 Assumptions 

Several reasonable assumptions have been made for this simplified theoretical model. 

1. The induced density-driven fluid convection has a steady velocity flowing from outside reservoir towards the wall of pipe.  

2. The heat extraction rate, or the heat out flow, at the wall of pipe is assumed to be a constant rate, considering the total heat extraction 

duty will be stable during the operation years by working fluid flow control.  

3. The fluid and rock matrix are in temperature equilibrium for any instantaneous heat source/sink change.  

4. Thermal properties and hydraulic properties remain constant during the temperature change. 

3.2 Methodology 

This study applied a patent-pending technology (Zhao et al., 2021) to treat heat convection process as a contribution of an additional 

source through conduction, with its strength dynamically and integratively specified in modeling process. The point function of 

instantaneous heat source or sink can be mathematically described as Eq. 1 and Eq. 2 (Carslaw and Jaeger, 1959; Newman, 1936). 

∆𝑇(𝑥,𝑥 ′ , 𝑡, 𝜏) =
1

𝐴𝜌𝑐
∫

𝑞(𝜏)

2√𝜋𝛼(𝑡−𝜏)
𝑒𝑥𝑝(−

(𝑥−𝑥′)2

4𝛼(𝑡−𝜏)
)𝑑𝜏

𝑡

0
                 (1)  

𝛼 =
𝜆

𝜌𝑐
               (2) 

where, ∆T is the temperature change,℃; q is the continuous heat rate injected or produced from a 2D infinite heat domain, J/s; α is the 

heat diffusivity, m2/s; x and x’ are the corresponding locations of the evaluation point and the source/sink point, m; A is the source area, 

m2; t is the time and τ represents the moment in time when a source occurs, so (t-τ) stands for the elapsed time since a source occurs. With 

Laplace transformation, and Stehfest inverse method (Stehfest, 1970), the temperature change for the thermal domain at certain time point 

can be obtained. 

Based on the physics of heat convection, heat convection is idealized as a special case of conduction process, with its source strength 

specified by the bulk movement of fluids. This kind of source function, therefore, can be described using Eq. 3. 

∆𝑇𝑣(𝑥, 𝑥
′ , 𝑡, 𝜏) =

𝜌𝑓𝑐𝑓

𝜌𝑐
∫ 𝑣𝑥′(𝜏)

𝜕𝑇

𝜕𝑥′
(𝜏) ∙

𝑑𝑥′

2√𝜋𝛼(𝑡−𝜏)
𝑒𝑥𝑝[−

(𝑥−𝑥′)2

4𝛼(𝑡−𝜏)
]𝑑𝜏

𝑡

0
                          

(3) 

Where, ∆Tv is the temperature difference made by convective heat flux, ºC; the upper quotation mark indicates the parameter for source; 

x is the evaluation point location.  

With the approximation of uniform strength for heat convective source within each sub-segment, the convective heat source could be 

written as Eq. 4. 
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∆𝑇𝑣(𝑥, 𝑦, 𝑡) =
𝜌𝑓𝑐𝑓

𝜌𝑐
∫ 𝑣𝑥(𝜏)

𝜕𝑇

𝜕𝑥
(𝜏) ∙ {

1

2
𝑒𝑟𝑓 [

𝑥2−𝑥

2√𝛼(𝑡−𝜏)
] −

1

2
𝑒𝑟𝑓 [

𝑥1−𝑥

2√𝛼(𝑡−𝜏)
]}𝑑𝜏

𝑡

0
           

   (4) 

Where, x1 and x2 denote the starting and ending points of the sub-segment region, respectively. 

3.3 Validation 

This proposed model for convection heat transfer is validated by two commercial numerical simulation packages. The first validation 

work is conducted by a fine gridded numerical simulation by COMSOL simulator on a standard 1D heat convection case. The basic 

parameters used in validation case are listed in Table 1. 

Table 1: Parameters used in validation case. 

Parameter Symbol Value Unit 

System length L 50 m 

Segment size Ls 1 m 

Density-driven flow velocity v 0.005 m/day 

Heat outflow flux rate qo 5 W/m2 

Thermal conductivity of rock λr 3.5 W/m/K 

Thermal conductivity of fluid λf 0.6 W/m/K 

Rock density ρr 2500 kg/m3 

Fluid density ρf 1000 kg/m3 

Heat capacity of rock cpr 1100 J/kg/K 

Heat capacity of fluid cpf 4180 J/kg/K 

Porosity φ 0.3 1 

Initial reservoir temperature T i 120 ˚C 

 

Fig. 6 shows the results of temperature at different distance to the pipe after 1 year heat production. It is observable that a good match 

with the result calculated by COMSOL heat transfer in porous media module. Actually, this method has been also validated under different 

boundary and initial conditions by numerical simulations and other analytical solutions (Yuan, 2020). 
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Figure 6: Temperature profile at different distance to the pipe after 1 year heat production.   

The second validation case is a thermodynamic modeling of a typical conventional geothermal energy production case by a doublet -well 

system, shown in Fig. 7.  A cold water injection well and a hot water production well were set to have the same flow rate. The initial 

reservoir temperature is 200 oC, and the cold injected water temperature is maintained at 35 oC. The temperature distributions are 

calculated by the method proposed in section 3.2 and the commercial numerical software CMG STARS module. The results at 30 days 

were plotted in Fig. 8. The outcomes of the temperature distributions are very close to each other. Two temperature profiles along the red 
dashed straight lines shown were presented in Fig. 9 (left figure, the red dashed vertical line) and Fig. 10 (left figure, the red dashed 

horizontal line), where the figures on the right hand side show the results generated by these two methods are consistent with each other. 

However the numerical model requires a much fine-meshed scheme.  

 

Figure 7: Diagram for the model setting of the second validation case. 

 

Figure 8: Temperature change distributions at 30 days for the two methods (left: this method; right: CMG STARS).  



Zhao, Yuan, Chen and Su 

 7 

 

Figure 9: Temperature change profile along a straight line (the red dashed vertical line). 

 

Figure 10: Temperature change profile along a straight line (the red dashed horizontal line). 

3.4 Discussion 

The induced density-driven convection accelerates the heat transfer performance within the region near the heat production pipe. This 
kind of enhancement could be evaluated through defining an equivalent pseudo-thermal conductivity term, λpseudo, for having the same 

temperature change response. For pseudo-thermal conductivity calculation, only pure thermal conduction is considered in the heat transfer 

process. Then, the ratio of the pseudo-thermal conductivity to the actual thermal conductivity (λ) of the original system is defined as λE to 

indicate the degree of pseudo-thermal conductivity enhancement at different production time. 

𝜆𝐸 =
𝜆𝑝𝑠𝑒𝑢𝑑𝑜

𝜆
                                                        (5) 

Five different density-driven velocity values have been studied to calculate the pseudo-thermal conductivity and their corresponding 

enhancement. These velocity values are mainly determined by fluid-reservoir system diffusivity, pressure change, and existing natural 

fracture structure. 

The results of thermal conductivity enhancement by density-driven convection velocity are shown in Fig. 11. The thermal conductivity 
enhancement is not constant throughout the energy production process. It keeps increasing and showing significant heat transfer 

enhancement in later energy production phase. Higher density -driven convection velocity will result in more significant enhancement at 

later production phase. This result indicates that the consideration of convective flow is important, especially under the condition of higher 

conductive flow velocity. The empirical functions of the enhancement under different convective flow velocity could be generated by the 

following polynomial equations:  

𝜆𝐸  = 1E-07t5 - 9E-06t4 + 0.0003t3 - 0.005t2 + 0.0668t + 1.2494, v=0.001 m/day      (6) 

𝜆𝐸  = 2E-07t5 - 1E-05t4 + 0.0005t3 - 0.0085t2 + 0.1367t + 1.3147, v=0.002 m/day    (7) 
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𝜆𝐸  = 2E-07t5 - 2E-05t4 + 0.0007t3 - 0.0114t2 + 0.2202t + 1.3789, v=0.003 m/day    (8) 

𝜆𝐸  = 3E-07t5 - 3E-05t4 + 0.0009t3 - 0.013t2 + 0.3186t + 1.4416, v=0.004 m/day      (9) 

𝜆𝐸  = 3E-07t5 - 3E-05t4 + 0.0009t3 - 0.0128t2 + 0.4325t + 1.5027, v=0.005 m/day    (10) 

 

Figure 11: Results of pseudo-thermal conductivity enhancement under different density-driven convective velocity. 

3.4 Consideration of fractured thermal reservoir modeling 

The modeling technology for complicated fractured thermal reservoir is still a very challenging task presently, especially when a fracture 

network near wellbore is considered, thus further efforts dedicating to this target will be conducted based on the general framework and 
theoretical understanding of Zhao et al (2021). For this work, in order to address the main concern of the density -driven convective flow 

process and generate a fundamental understanding of the overall effect of fracture rock mass on the common thermal fluid flow process, 

a large-scale reservoir permeability variation over a range of 0.001mD ~ 10D is studied. This large change enables a clear view of the 

enhanced density-driven convective flow due to the supporting effect of higher equivalent permeability enhanced by natural fracture 

network for fluid flow. This is especially true for heavily fractured rocks. Future work will be implementing advanced fracture simulation 
strategy to deal with natural fracture networks and stimulated reservoir volume (SRV) concept of the enhanced geothermal system (EGS) 

for geothermal reservoir development. 

4. NUMERICAL MODELING USING FINITE DIFFERENCE METHOD 

4.1 CMG Model setup 

CMG STARS module was used to analyze the density-driven convection effect on closed-loop geothermal energy production system. The 
reservoir depth is around 2400 m. The geothermal gradient and gravity effect are considered in this model. The well configuration and 

reservoir view are shown in Fig. 12. The reservoir blocks near the horizontal wellbore have an initial uniform temperature of 200 ̊ C. The 

initial reservoir temperature and pressure can be seen as Fig. 13. Other parameters are listed in Table 2. 

Table 2: Parameters used in finite difference method simulator. 

Parameters Symbol Value Unit 

Length of the lateral pipe L 550 m 

Circulating rate q 50 m3/day 

Porosity φ 1 % 

Thermal conductivity of rock λr 3 W/m/K 
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Thermal conductivity of water λf 0.65 W/m/K 

Rock volumetric heat capacity  ρr cpr 2.35e6 J/(m3*K) 

Water 1st thermal expansion coefficient CT1 0.000417911 1/˚C 

Initial temperature at production layer T i 200 ˚C 

 

There are some CMG specifics for the modeling of U-shape closed-loop geothermal energy production, attached here for reference: 

1. Two FlexWells: one injector and one producer (both with an L shape). 

2. Straight line relative permeability curves are used at the grid block where both wells have a perforation open. 

3. There exists a 2nd thermal rock type for the block where the injector and producer FlexWells are connected. Rock heat capacity in this 
block remains the same and thermal conductivity changes to a smaller value to represent wellbore cement environment, following the 

requirement of FlexWells. Since this block is supposed to mimic a portion of a real wellbore, the thermal properties need to be adjusted 

here to reflect the wellbore reality . 

4. In order to retain energy gained by the working fluid all the way up to surface, insulation needs to be applied to the producer well. If 

this is not done, most of the energy gained by the working fluid during the first vertical and the horizontal section will be transferred to 

the surrounding formations on the way to the surface. This applies to both simulation work and real operational scenarios. 

5. In his model, working fluid injection and heat production were occurring from the same grid block (so there is no direct “connecting” 

block between them) but it is still required to model both wells. If modelling the “connecting” block is actually conducted, it still needs 

to have a straight-line relative permeability curve and very high permeability to mimic the wellbore fluid dynamics. The formation 

transmissibility factors will also have to be adjusted to a much higher value so as to effectively eliminate the communication of these 
blocks/cells with the rest of the reservoir, to build a wellbore closed to reality. Also, thermal properties of these blocks have to be adjusted 

to account for the heat loss from this “wellbore’’ to the surrounding formation.  Local grid refinement (LGR) needs to be done on the 

horizontal wellbore section in order to reduce the size of the local grid segments that contain the wellbore, which is basically represented 

by a “connecting” block/cell. 

6. Finally, two water components (one initially inside the reservoir as the reservoir water and another one as the injected working fluid 

inside the wellbore) to make sure the correct components and phase initialization. 

 

Figure 12: Well configuration (left) and reservoir setup (right) in numerical model. 

 

Figure 13: Initial reservoir pressure (left) and temperature (right). 
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4.2 Results 

Three different permeability values near the horizontal wellbore region have been investigated in this study. The near wellbore region is 

defined as shown in Fig. 14. The results of outlet temperature over operation years are plotted in Fig. 15. The outlet temperature in the 

case with 100 Darcy permeability is the highest, whereas the outlet temperature in the case with lowest 0.001mD permeability have the 

lowest temperature value, especially in the late production phase the outlet temperature difference is more significant. However, the 

temperature increases from the case with 0.001 mD to the case with 1 D is not obvious. The reason may be that the corresponding induced 
density-driven velocity is not significant enough to induced effective temperature change as the permeability is not adequate. Because 

CMG cannot output the effective velocity value of the induced convective flow, likely due the fact that the velocity is very small. More 

details about this velocity will be shown in the next section when COMSOL software is applied. As the porosity increases from 1% to 

30%, the overall outlet temperature decreases slightly (Fig. 16) because the overall thermal diffusivity decreases due to the existence of 

more pore volume, allowing fluid to hold up the heat contained. 

 

Figure 14: Permeability distribution in the region near horizontal wellbore. 

 

Figure 15: Outlet temperature for cases with 1% porosity and different permeability values in the near wellbore region. 
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Figure 16: Outlet temperature for cases with 30% porosity and different permeability values in the near wellbore region. 

5. NUMERICAL MODELING USING FINITE ELEMENT METHOD 

Because the CMG STARS module cannot show the velocity  profile in the modeling process, another fully coupled Thermal-Hydraulic-

Mechanical-Chemical simulator, COM SOL, applying finite element method, is used to investigate the problem. 

5.1 2D COMSOL model setup 

A 2D model has been built to study the density-driven heat convection process during a constant heat production process at the center of 

the system (Fig. 17a). This is a cross-section view of the closed-loop lateral wellbore. The mesh graphic is shown in Fig. 17b. The model 

is a square shape system with a size of 100 m by 100 m, which denotes a near wellbore region. The other parameters use the same value 

listed in Table 1. The temperature values calculated for the thermal domain is used in pressure domain to calculate the density-driven 

Darcy’s flow velocity, and the velocity is then applied into the thermal domain for heat convection calculation. 

 

Figure 17: A 2D model of the closed-loop geothermal energy production system, a) the cross-section view; b) the mesh graphic. 

5.2 2D Model results 

Three different permeability values (10 mD, 1 D, 10 D) have been investigated in this 2D model. Fig. 18 shows the temperature 
distributions of the cases at 24 years under different permeability values. The temperature distribution in the case with 10 mD is more 

symmetric in each direction, showing the dominant conductive flow scenario with the highest temperature values in the three cases. When 

the permeability increases, the overall reservoir temperature decreases. And the region below the wellbore have more temperature 

decrease, showing the contribution of the induced convective flow. Fig. 19 shows the pressure distribution and convection flow velocity 

streamline of the cases with the three different permeability values at a 30-year time point. Because there are no conventional hydraulic 
source/sink in the system, the pressure level remains stable throughout the heat production process. Due to density change and fluid 

volume shrink, the induced density-driven convective flow occurs naturally and the velocity streamlines can be seen clearly to reflect the 

direction of the flow. The convective flow starts from the horizontal wellbore and moves toward down below, and then it will flow upward 

to form a circle loop due to the gradual phase warming up as it moves downward. When the permeability increases, the velocity of 

streamline shows more intensely below the horizontal wellbore, representing significant induced natural convective flow. 
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Figure 18: Temperature distributions of the cases with three different permeability values at 24 years. 

 

Figure 19: Pressure distribution and velocity streamlines of the cases with three different permeability values. 
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5.3 3D COMSOL model setup 

A 3D model has been built to study the density -driven heat convection process during a closed-loop geothermal energy production 

system (Fig. 20b). The meshed graphic is shown in Fig. 20a. The model has a 500 m long horizontal pipe as the heat sink in the system. 

The other parameters use the same value in Table 1. These physics are studied in the model including heat transfer in porous media, 

Darcy’s flow in porous media, and heat transfer in pipes. These three physics are fully coupled using COMSOL finite element method. 
The temperature distribution calculated for thermal domain is used in pressure domain to calculate the density -driven Darcy’s flow 

velocity, and the velocity is then applied into the thermal domain for heat convection calculation. The heat transferred from reservoir to 

the wall of pipe will be the source for the heat transfer in the pipe. 

 

Figure 20: A 3D COMSOL model, a) the mesh graphic of the model; b) the closed-loop geothermal energy production system. 

5.4 3D Model results 

Three different permeability values (10 mD, 1 D, 10 D) have been investigated in this 3D model. Fig. 21 shows the temperature 
distributions from cross-section view and 3D view of the case with 10 mD permeability. Because of the nature of the finite element  

numerical method, the temperature profiles are not smooth but still can show the temperature distribution features. The temperature change 

is symmetric in each direction. Fig. 22 shows the velocity distributions and the convective flow direction. The velocity with 10 mD 

permeability is small and in the range of 1.0x10-10 to 1.0x10-9 m/s. The region near the wellbore has the most significant density -driven 

velocity, which denotes the significant temperature change in that area. As the permeability increases to 1 D. More temperature reduction 
shows in the region below the horizontal wellbore, shown in Fig. 23. And more velocity streamlines show in the lower region of the 

system (Fig. 24). It proves that higher permeability results in server density-drive convective flow and more amount of fluid is likely lose 

its heat and flows downward. The velocity increase is not that much compared with the case with 10 mD permeability. This may explain 

why outlet temperature does not increase much from 0.001 mD to 1 D in CMG numerical simulation results. When it comes to 10 D  

permeability case, most significant temperature drop can be observed in 2D and 3D distribution figures (Fig. 25). And the velocity also 

increases largely to the range of 1.0x10-7 to 1.0x10-6 m/s (Fig. 26). 
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Figure 21: Temperature distribution at 1 year and 30 years of the case with 10 mD permeability. 

 

Figure 22: Velocity distribution and streamline at 1 year and 30 years of the case with 10 mD permeability. 

 

 

Figure 23: Temperature distribution at 1 year and 30 years of the case with 1 D permeability. 
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Figure 24: Velocity distribution and streamline at 1 year and 20 years of the case with 1 D permeability. 

 

Figure 25: Temperature distribution at 1 year and 5 years of the case with 10 D permeability. 

 

Figure 26: Velocity distribution and streamline at 1 year and 5 years of the case with 10 D permeability. 
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6. CONCLUSIONS  

This study aims at investigating the effect of temperature decrease caused by the naturally induced density-driven convective flow in a 

closed-loop geothermal energy production system. Three analysis strategies have been applied to this problem. A patent-pending analytical 

method has been used to study the effect of the naturally induced convective flow velocity on overall heat transfer performance. By 

comparing and matching with pure heat conduction cases, pseudo-thermal conductivity could be evaluated to represent the heat transfer 

enhancement contributed by the naturally induced heat convection. A term defined as the degree of apparent conductivity enhancement, 
λE, is introduced in this work, with the empirical functions summarized under different induced convective flow velocity to showcase the 

appatent conductivity enhancement. The heat extraction performance from the closed-loop system is simulated by a local-grid-refined 

model using Flexwell setup in the CMG STARS module. Heat extraction performance can be largely enhanced by higher permeability 

starting from the range of 10 D ~ 100 D. The higher the effective permeability, the better the contribution from convective flow will be. 

But the enhancement is not obvious from the case with 0.001 mD permeability to the one with 1 D permeability. That could be because 
of the induced convective flow velocity increment is very limited in those cases. Another numerical model using finite element method 

by COMSOL was generated and analyzed for the naturally induced convective flow as well. A significant velocity improvement can be 

observed in the region near the horizontal wellbore, with the circle-loop convective flow pathways likely spreading outskirts in the lower 

region for the cases with higher permeability. The naturally induced convective flow velocity starts a significant increase in the 

permeability range of 1 D ~ 10 D, suggesting that only heavily fractured thermal reservoir does become sufficiently supportive to take the 

advantage of density-driven convective flow. Further evaluation for field cases is needed. 

Based on the studies from these three methodologies, the effective thermal conductivity enhancement by naturally induced density -driven 

convective flow could be potentially significant for an operation over 30 years, affecting the long term fate of any geothermal project. 

This will be especially true for any geothermal project with highly permeable formations, naturally  fractured reservoirs, and induced 

fractured region near horizontal wellbores. This kind of naturally induced convective flow will enhance the overall heat transfer 
performance of closed-loop geothermal energy production system. The pseudo-thermal conductivity term defined in this work could help 

generate an effective method to evaluate the local thermal properties for closed-loop system design.  

Our future work will be extended to analytical modeling for 2D/3D geothermal reservoir, and integrating the fluid volume shrink, density-

driven flow with dynamic viscosity change into the coupling process. The details of natural fractures or fracture network will be integrated 

into numerical model to study the fracture system features and their influence on induced convection flow. Empirical functions could be 
built to generate the relationship between the newly proposed apparent conductivity enhancement and overall reservoir permeability, 

which can be better applied in geothermal energy production practice. 
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